Dilute-N GaPAsN alloys have great potential for optoelectronics lattice-matched to Si. However, there is a lack of systematic calculation of the optical response of these alloys. The present paper uses the 3 5 * tight-binding model to calculate the fullband electronic structure of dilute-N GaPAsN, and then calculate the optical response functions considering direct transitions within the electric dipole approximation. Good agreement is obtained for the dielectric function in comparison to available optical data for dilute nitrides. To achieve this, the 3 5 * parameters for GaP and GaAs are optimized for their optical properties in comparison to published data, which are then used as the basis for the 3 5 * parameters for dilute-N GaPN and GaAsN. The calculated absorption between the valence band and the newly formed lowest conduction band of the dilute nitrides increases as the N fraction increases, in agreement with experiments, mainly due to the net increase in their coupling in the entire Brillouin zone, supported by the calculated momentum matrix element in the present work.
I. INTRODUCTION
The idea of direct bandgap materials grown on Si is very attractive in the optoelectronic community, as Si is the low-cost foundation for the semiconductor industry. However, to ensure good device performance, lattice-matched structures are needed to avoid the formation of performance degrading defects such as threading dislocations. GaP1-x-yAsyNx alloys with < 0.05 have shown the ability to be grown lattice-matched to Si 1,2 when the chemical composition is equivalent to (GaP0.979N0.021)x(GaAs0.805N0.195)1-x, and have a direct bandgap that can be varied by roughly 0.5 eV in the optical energy range [3] [4] [5] . With these features combined, dilute-N GaPAsN alloys have great potential for applications in lasers/light emitting diodes on Si 6-8 , optoelectronic integrated circuits 1, 9, 10 , and multijunction photovoltaics on Si 3, [11] [12] [13] [14] [15] .
For modeling dilute-N GaPAsN alloys for different applications, it is desirable to generate their optical response functions over a large photon energy range for arbitrary compositions. There are a few reports on the experimentally measured absorption and dielectric functions for a small sample of the entire quaternary system 4, 5, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] , and most of the absorption data are near the bandgap only. To the best of the authors' knowledge, there is a lack of publication on the direct calculation of the optical response functions of dilute-N GaPAsN alloys, such as their refractive indices, absorption coefficients, or dielectric functions, etc. Benkabou et al. 26 used a virtual crystal approximation with the empirical pseudopotential method to calculate the bandgaps of GaPN alloys, and based on these bandgaps, calculated the refractive indices for GaPN using a closedform model by Herve and Vandamme 27 . One should note that they predicted an indirect-to-direct crossover near [N]=0.27, which is incorrect as explained later, and the refractive indices are limited to only the static region. Perlin and coworkers 28, 29 calculated the absorption coefficient of Ga0.96In0.04As0.99N0.01 based on an estimation of the momentum matrix element with the band anticrossing (BAC) model 30 . However, their calculation limited the conduction band contributions to only − and + at Γ, and required empirical scaling. Robert et al. 31 used the tight-binding method 32, 33 to calculate the band structure and optical gain of dilute-N GaPAsN/GaPN quantum wells with biaxial strain on silicon substrates, but there is not much discussion on their optical properties. Laref et al. 34 calculated the optical functions of hexagonally structured GaPN using a non-relativistic full-potential linearized augmented plane wave (FP-LAPW) method in the framework of the density functional theory (DFT). The calculation only included [N]=0.25, 0.50, 0.75 as the alloy fractions, probably to avoid computational burden, which lies outside the dilute nitrogen range. Recently, Polak et al. 35 used the unfolded band structure calculated with the DFT method and a 128-atom supercell to investigate dilute-N GaPAsN on the possibility of the formation of an intermediate band and carrier localization. Their calculated energy gaps for the binary III-Vs are quite accurate, but are low for the dilute-N alloys. In the present work, we demonstrate a computationally efficient atomistic approach to calculate the dielectric functions and absorption coefficients of dilute-N GaPAsN alloys that are lattice matched to Si, and compare with available experimental data for this system.
II. CALCULATION METHOD
The calculation of optical functions requires proper modeling of the electronic structure, which is quite different from "normal" alloys for dilute-N GaPAsN. Their extraordinary bandgap tunability is common among a larger group of alloys called dilute nitrides (DNs), for their low nitrogen concentration, or highly mismatched alloys (HMAs), for the large differences in the atomic sizes and electronegativity of the component group-V elements. The tunability of their bandgaps is due to the large bandgap reduction caused by the incorporation of a small fraction of N atoms. Accurate description of the bandgap behaviors becomes a critical part of modeling the DNs. Baillargeon et al. 36 modeled the bandgap bowing for GaPN using the dielectric theory of electronegativity 37 , and predicted that GaP1-xNx becomes metallic when 0.3 < < 0.6, although they noted a possibility of a miscibility gap preventing formation of an alloy in that region. They also predicted an indirect-to-direct crossover occurring near = 0.46. This contradicts the later measurements that show DN GaPN has a direct bandgap for as small as 0.0043 5, 20, [38] [39] [40] . A crossover at = 0.03 was calculated using an empirical pseudopotential method with 512-atom supercells 41 , still in disagreement with the experiment just mentioned. Shan et al. 38 explained this direct nature of the bandgap in DN GaPN in terms of coupling between the extended Γ states of the host material and the localized nitrogen states, expressed as the band anticrossing (BAC) model, which was first introduced to explain the bandgap phenomena of DN GaInAsN 30 . Although the two-level BAC model ignores the details of different N states (isolated N atoms, N neighbors, N clusters, etc. [42] [43] [44] [45] ), its effectiveness in terms of experimental fit and simplicity make it useful for quick calculation of bandgaps and effective masses. For accurate optical calculation, the electronic structure over the entire Brillouin zone (fullband structure) should be accounted for. Using the BAC model to do this requires the input of the fullband structure of the host material, and coupling constants at all points, which is possible but is not typically done considering the tradeoff between accuracy gain and increase of workload with this method. The 3 5 * tight-binding model 46 is widely used for fullband calculations of semiconductors, due to the balance between accuracy and computational complexity. Following the BAC, Shtinkov et al. 33 added an orbital ( = 1.725 ) to a low-temperature 3 5 * tight-binding model of GaAs to simulate the localized nitrogen states, and a hopping integral = −1.00√ to simulate the coupling between the localized states and the extended states. By doing this, they were able to reproduce the large bandgap reduction of DN GaAsN at Γ, but also the less perturbed conduction band at and (the latter being almost unaffected). Following this, Turcotte et al. 47 
where is the angular frequency of the photon, is the wave vector in reciprocal space, = ⟨ |̂⋅ | ⟩ is the momentum matrix element, ̂ is a unit vector parallel to the electric field of the electromagnetic wave, and is the momentum operator. Indirect transitions are ignored here.
Since is a linear response function, once we obtain 2 , 1 is given by the Kramers-Kronig
where denotes the Cauchy principle value of the integral. Assuming the relative permeability equals to 1, the refractive index ̃= + = √ ,
The absorption coefficient is related to by
where 0 is the wavelength of the light in vacuum. The momentum operator in (1) is obtained from the tight-binding (TB) Hamiltonian as 49
where ( ) is the TB Hamiltonian. The TB Hamiltonian matrix elements are given by 32
where and are the positions of the basis atoms and on which the orbitals and are located, respectively. The integral in (6) can be expressed as a sum of on-site energies ( = , = ) and Slater-Koster-type hopping integrals ( ≠ ). The exponential factors of the on-site energies become unity, thus (5) is left with a derivative of the hopping integrals.
III. OPTIMIZATION OF THE * PARAMETERS FOR THE OPTICAL

PROPERTIES OF GaP and GaAs
The published 3 5 * parametrizations 46, 50 are typically fit to the relevant band edge energies and effective masses, which is good for electrical calculations. For optical applications, one should also include optical properties in the optimization. Here we fit the 3 5 * model to match not only the typical band edge energies and effective masses, but also critical optical transition energies.
For a zincblende III-V material, the 3 5 * model comprises 31 independent parameters, which include 8 on-site energies, 21 two-center hopping integrals, and 2 spin-orbit interaction energies 46 . Fitting a set of 31 parameters is a non-trivial global optimization problem. A genetic algorithm (GA) mimics the natural selection process to obtain high-quality solutions to an optimization problem. Deaven and Ho 51 found that GA outperforms simulated annealing in molecular geometry optimization for fullerene structures. Klimeck et al. 52 At the beginning, the 31 parameters are randomly initialized as "genes" within reasonable parameter boundaries and are then packaged together into a "chromosome". According to the specified population size, multiple chromosomes are randomly created to form the initial generation. During each generation, each chromosome is evaluated by calling the 3 5 * TB solver, generating relevant band parameters, and comparing them to the target values with specific weights. The "chromosome" that generates band parameters closest to the target values is given the highest rank, and so on. A selected number of the highest-ranked chromosomes will survive the generation, and give birth to the next generation through crossover, and mutation. Thus, the next generation goes through the same random process. All generations have the same population size. One can assume a good solution has been reached when a particular number of generations have passed, when the last few generations are extremely similar, or when almost all the chromosomes are the same in the generation. Factors that may change the fit of the solution include (a) the size of the population, (b) ending criteria, (c) weights of the target, (d) survival rate, (e) probabilities of crossover and mutation, and (f) the seed value for the random number generator.
For the same number of evaluations, which equals to the product of population size and number of iterations, our experience is that choosing a larger population size, with respect to a larger number of iterations, usually gives better results, similar to a conclusion from using GA for information retrieval 54 . Some useful discussions on the usage of the PGAPack can be found elsewhere 55 . The fitting procedure is summarized in Figure 1 .
FIG. 1. Flow chart of the fitting procedure for the tight-binding parameters.
We carried out the optimization procedure for GaP and GaAs to fit experimental band energies for the conduction band bottom at Γ, , , the valence band split-off energy, and the effective masses at these points, as well as optical transition energies, 1 , 1 + Δ 1 , 0 ′ , and 2 . These optical transitions are marked in the electronic structure of GaAs in Figure 2 . For the effective masses that have relatively large uncertainties, we put less weight on fitting these values. After the fitting procedure above, we obtained the Slater-Koster-type 3 5 * parameters for GaP and GaAs, which are listed in Table I. FIG. 2. Optical transition energies 0 , 0 + Δ 0 , 1 , 1 + Δ 1 , 0 ′ , and 2 for GaAs. Taking the 3 5 * parameters in Table I , the TB solver generated the electronic structure of GaAs and GaP at room temperature, which are plotted along high-symmetry lines of the first Brillouin zones of these three face-centered cubic lattices in Figure 3 . These plots have been shifted so that their valence band maxima are all at 0 eV. Given the availability of literature reports, the electronic structure of GaAs generated from our optimized 3 5 * parameters is compared to that from quasiparticle self-consistent GW (QSGW) theory 56 , as shown in Figure 3 . The QSGW calculation was carried out for low temperature, and we shifted their conduction bands -0. 57 . h Extracted from the QSGW energy bands 56 with the conduction bands shifted -0.1 eV.
Figures 4 and 5 show comparisons of the imaginary part of the dielectric functions and
absorption coefficients of GaP and GaAs calculated from our TB parameter sets, and those from experiments. To demonstrate the advantageous outcome of the optimization we performed with optical fitting targets, we have also included in the comparison the results calculated from other widely used 3 5 * TB parametrizations 46, 50, 58 . Jancu's parametrization 46 is given at low temperature. The calculations shown here strains the lattice to its room-temperature spacing to account for the non-zero temperature effects. The "NEMO5(H)" parameters refer to a set in the NEMO5 50 input file that are mapped 59 to results from the ab initio HSE06 hybrid functional method. Some relatively well-matched 2 functions calculated with ab initio methods 57,65 are also included for comparison. The optical functions calculated from our TB parameterization show excellent agreement with the experimental data in terms of the absorption edge, the 1 and 2 peak positions, and the spin-orbit interaction peak positions for both III-V materials, while experimental peak widths are somewhat broader as we did not include lifetime broadening or indirect transitions.
The feature positions and shapes are indicative that the present TB parameter sets should generate more accurate optical properties than other 3 5 * TB parameter sets in comparison. 
IV. *
MODELS FOR DILUTE-N GaPN and GaAsN
As shown in the previous section, the 3 Table IV . However, it is seen, from both experimental and theoretical results, that there is absorption higher than 1 × 10 4 cm −1 well below 2.26 eV in dilute-N GaPN (due to 0− ), and that the absorption rises to more than 1 × 10 5 cm −1 beyond 2.76 eV (due to 0+ and 1− ). Compared to GaP, the rises of the near bandgap absorption of DN GaPN are less steep, as both 0− and 0+ in DN GaPN are smaller than 0 in GaP (see Figure 7) . As the N fraction increases and the host character increases, the absorption due to 0− becomes stronger, which agrees with experiment 44 . The calculated absorption due to 0− for GaN0.021P0.979 is about two times stronger than experimental observation. This overestimation may originate from the virtual crystal nature of the 3 5 * model and thus the inhomogeneity of the dilute nitride alloys are not fully accounted for. Another possible reason could be that the 3 5 * model uses a single orbital to explain the measured "lumped" bandgap reduction effect caused by N contents, which include isolated N atoms, different N-N pairs, and N clusters. Differentiating different N species' contribution to absorption may correct the overestimation, e.g. by adding different and orbitals. However, the evidence is not strong enough to draw conclusions on this issue. For GaAsN, the 0− state has a majority contribution from the host, giving very similar slopes near the absorption edge to that of GaAs. On the high-energy side, nitrogen has no effect on the absorption, as N incorporation does not impact higher energy bands. Overall, the experimentally measured main effects of the N incorporation into GaP and GaAs are reasonably well described by the 
V. OPTICAL CALCULATION FOR DILUTE-N GaPAsN
We construct the 3 5 * Hamiltonian of DN GaP1-x-yAsyNx by linear interpolation (same as the PBL-VCA approach in Appendix A, given as an example for GaPAs) between the 
V. CONCLUSION
A genetic algorithm is used to optimize the 3 and do not necessarily reflect those of NSF or DOE.
APPENDIX A: CALCULATIONS FOR GaPAs ALLOYS
For the calculations for GaPAs alloys, we construct the alloy's 3 5 * Hamiltonian as a linear interpolation of the GaP and GaAs 3 5 * Hamiltonians, which we refer to as the parentbond-length virtual crystal approximation (PBL-VCA),
For comparison, we also calculate the TB Hamiltonian for GaPxAs1-x through a linear combination of the Hamiltonians of the ending binary semiconductors strained to the alloy ensemble bond length determined by Vegard's law, as done in a previous work 74 , which we call the ensemble-bond-length virtual crystal approximation (EBL-VCA),
where is the bond length of material X, and is the alloy ensemble bond length. To account for strain, the two-center orbit interaction energies are scaled by the inverse distance power law using the scaling powers from the work by Jancu et al. 46 . Although the present Slater-Kostertype TB parameters are different from Jancu et al.'s, the scaling of the orbital interactions should not change significantly, hence this method should work as a first approximation. Figure 14 plots the Γ and calculated with PBL-VCA and EBL-VCA. The results from PBL-VCA follow closely to the experimental trend 75, 76 , and the direct-indirect crossover occurs near [P] = 0.46, close to the measured values 62, 77 . However, straining the Ga-As and Ga-P bonds to the ensemble bond length overestimates the bowing of , and shifts the direct-indirect crossover away from the experimental values. The better performance of PBL-VCA over EBL-VCA is supported by valence force field calculations 74, 78 . Bellaiche, Wei, and Zunger found that in the impurity limits of GaAsN, GaPAs alloys, the averaged III-V bond lengths are very close to those in their parent binary semiconductors 78 . Nestoklon, Benchamekh, and Voisin showed that in Ga0.6In0.4As, the averaged Ga-As and In-As bond lengths are closer to those in bulk GaAs and InAs, respectively, than to the ensemble averaged bond length 74 . For the construction of the Continued with the PBL-VCA approach, the refractive indices of some GaPAs alloys are calculated to compare with reported experiment (Figure 15 ). GaP0.125As0.875 is a direct-bandgap material, and GaP0.625As0.375 is indirect. In the lower energy range, the calculated functions agree reasonably with the measured data. The maximum deviation of the calculated values away from the experimental data points is 3.8%. In the higher energy range, the two peaks, due to 1 and 1 + Δ 1 , blue shift as P fraction increases.
FIG. 15. The real part of the index of refraction of GaPAs alloys from experiments 79 (symbols) and from calculation in this work (curves).
APPENDIX B: LIFETIME BROADENING EFFECTS ON OPTICAL FUNCTIONS
The excited states of a system only have finite lifetimes. To account for this finite lifetime effect, one can do the following substitution into (1),
where represents the broadening in energy.
To see the lifetime broadening effects of the optical response of the dilute nitrides, we applied (B1) for some DN GaAsN alloys, with a constant for all photon energies for simplicity. As shown in Figure 16a , the most prominent effect is that the broadening reduces the magnitudes of the 1 and 2 peak series. It also fills the "dips" between 1− and 1+ . These enhance the agreement between the calculations and experiments. A large broadening also smooths out the features at lower energies, and raises the calculated response above the measured values ( Figure   16b ). In reality, a complicated broadening scheme, with different broadening at different parts of the spectra, should be used. It also indicates that the lifetime broadening alone cannot explain all the discrepancy between the calculation and experiment. 
